The enzymatic synthesis of penicillins has been approached with considerable success during the last decade (2, 4, 5, 13, 14) . The pioneer studies were carried out by Baldwin and coworkers using isopenicillin-N-synthetase from Acremonium chrysogenum and different substrates analogous to the natural one, 8-L-(x-aminoadipoyl-L-cysteinyl-D-valine (ACV) (for reviews, see references 2 and 4). Some time later, we reported the in vitro synthesis of many different penicillins by incubating the enzyme acyl coenzyme A (CoA):6-aminopenicillanic acid acyltransferase (AT) from Penicillium chrysogenum with several chemically synthesized acyl-CoA variants (1, 6, 10, 11) . More recently, we have purified a new enzyme, phenylacetyl-CoA ligase (PCL) from Pseudomonas putida, which catalyzes the first step of an unknown catabolic pathway specifically induced for the aerobic degradation of phenylacetic acid (9) . This protein activates phenylacetic acid to phenylacetyl-CoA in the presence of ATP, Mg2+, phenylacetic acid, and CoA (7, 9) . Other studies with this enzyme have shown that PCL can be coupled in vitro with AT from Penicillium chrysogenum, leading to the formation of benzylpenicillin (penicillin G) when incubated with ATP, CoA, Mg2+, 6-APA, dithiothreitol, and the appropriate penicillin side chain precursor (8) . In this article, we further describe the substrate specificity of this coupled enzymatic system (PCL-AT) as well as its application for the in vitro synthesis of other penicillins containing a keto acid joined to the 3-lactam ring. The influence of the position of the keto group on the formation of the corresponding penicillin is discussed.
All of the products tested as penicillin side chain precursors were obtained from either Sigma Chemical Co. (St. Louis, Mo.) or Aldrich (Steinheim, Germany).
Pseudomonas putida U was used for obtaining pure PCL as previously described (9) .
Penicillium chrysogenum Wis 54-1255 (ATCC 28089) was maintained and cultured as previously described (5) . This strain was used for obtaining pure AT (1).
Micrococcus luteus ATCC 9341 was routinely employed for the determination of levels of penicillins by bioassay (5 Table  1 ]) was established. PCL from Pseudomonas putida U and AT from Penicillium chrysogenum Wis 54-1255 were coupled in vitro, leading to the formation of benzylpenicillin (8, 9) . To further study the substrate specificity of this coupled enzymatic system, we tested the enzymatic synthesis of penicillins, using as substrates aliphatic side chain precursors in which a methylene group (CH2) was replaced by a keto group (CO). We customarily employed o-keto acids, but in some cases the substitution was carried out on a different part of the molecule (1, -y, 8, e ). Under the conditions described above, the incubation of PCL and AT with different keto acids led to the formation of molecules that were active against M. luteus and sensitive to Bacillus cereus 1-lactamase and Escherichia coli penicillin amidase attack when ox-ketobutyric, 3-ketobutyric, y-ketovaleric, ax-ketohexanoic, 5-ketohexanoic, E-ke- toheptanoic, and a-ketooctanoic acids were used as substrates. However, this was not the case for the other compounds tested, even though some of them were also substrates for PCL ( Table 1 ). All of the a-keto acids containing an even number of carbon atoms (within C4 and C8) were used as substrates by both enzymes (PCL and AT), whereas those with an odd number (a-ketovaleric, a-ketoisovaleric, -y-ketovaleric, and E-ketoheptanoic acids) were transformed into penicillins only when the keto group was not placed at the a position (-y-ketovaleric acid and e-ketoheptanoic acid). Taking into account the fact that the CoA thioesters of aliphatic acids containing an odd number of carbon atoms are poorer substrates for AT than those with an even number (6), it seems probable that the introduction of a single modification in such molecules (the presence of a keto group) could furnish enough variation to justify the lack of catalysis. Additionally, when the keto acids employed had two carboxy functions (a-ketoglutaric, a-ketoadipic, ,-ketoadipic, and y-ketopimelic acid), none of them were used as substrates by the first enzyme (PCL), and therefore, in the absence of CoA derivative, they could not be transformed by AT into the corresponding penicillin ( Table 1) .
The results described above shed further light on previously reported data concerning the enzymatic synthesis of penicillins (2, 5, 6, 8) , suggesting that the PCL-AT enzymatic system can probably be used for the synthesis of many other P-lactam compounds as long as they are incubated with the appropriate substrates.
